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Transient current spectroscopy is proposed and demonstrated in order to investigate the energy relaxation inside a quantum dot in the Coulomb blockade regime. We employ a fast pulse signal to excite an AlGaAs/ GaAs quantum dot to an excited state, and analyze the nonequilibrium transient current as a function of the pulse length. The amplitude and time constant of the transient current are sensitive to the ground and excited spin states. We find that the spin-relaxation time is longer than, at least, a few s. Electron spin in a semiconductor quantum dot ͑QD͒ has been intensively studied as a candidate for quantum information storage in the solid state and single spintronics in which a single spin state determines the transport through the dot.
1-3 Electronic QD's, in which discrete energy states are filled up with a controllable number of electrons, show various spin-related phenomena, including spin degeneracy, exchange interaction, spin blockade, and Kondo physics. [4] [5] [6] [7] These conventional dc transport studies measure the overlap of the dot state to the reservoir. However, the transitions between these dot states, which are responsible for the coupling to the environment, should strongly reflect the characteristics of the states by analogy with the selection rules for absorption and emission processes in real atoms. Electronic states in a solid are easily coupled to the lattice environment, while atomic states couple strongly to an electromagnetic environment. Theory predicts that the energy relaxation time of an excited state ͑ES͒ in a QD is of the order of nanoseconds if the transition is accompanied by acoustic phonon emission, provided the spin is neglected. 8 By contrast, it should be extremely long if the transition involves a spin flip. 9 Spin conservation during a transition is a selection rule for artificial atoms. Several experimental reports address the relaxation QD's, however, the relaxation is considered to be an electron-phonon interaction without spin flip. [10] [11] [12] Here we report on a pulse-excited transport measurement designed to estimate the energy relaxation time from an ES to the ground state ͑GS͒ in a QD. We find that the relaxation time is short ͑less than a few ns͒ if the transition conserves the total spin, while it is very long ͑more than a few s͒ if the transition involves a spin flip. We also find that the spin state can be investigated using transient current spectroscopy because of the spin conservation rule.
A QD ͑addition energy E add of about 2 meV, singleparticle energy spacing ⌬ of 100-300 eV, number of electrons NϽ50͒ is weakly coupled to the left and the right leads ͓see Fig. 1͑a͔͒ . [12] [13] [14] We made the tunneling rate of the left barrier, ⌫ L , much larger than that of the right barrier ⌫ R by roughly tuning the gate voltages, V L and V R . Fine tuning of V R effectively changes the electrostatic potential of the dot allowing us to see one of the Coulomb blockade ͑CB͒ oscillations, as shown in Fig. 2͑a͒ . If the incoming tunnel rate is smaller than the outgoing tunnel rate ͑negative bias voltage, V b Ͻ0, in our experiments͒, the current I is given by the rate ⌫ R,i through the thick barrier to the ith empty state located in the transport window ͑between the left and right Fermi energies, L and R , respectively͒; Iϭe⌺⌫ R,i . The current increases stepwise when an energy level E i enters the transport window at R ϭE i , as indicated by the solid lines. All the energy states in a QD can be detected in this way, unless the coupling to the leads is to too weak. We can also estimate each rate ⌫ R,i from the appropriate current step heights. 4 The magnetic field ͑B͒ dependence of the excitation spectrum ϪdI/dV R at V b ϭϪ1 mV ͑small incoming rate͒ is shown in Fig. 3͑a͒ . The GS and ES's appear as positive FIG. 1. ͑a͒ Schematic setup for the pulse measurements. All the measurements are performed at a temperature of 150 mK in a magnetic field, Bϭ0 -2 T, perpendicular to the substrate. ͑b͒ Typical pulse waveform obtained by time-domain reflectometry. ͑c͒ Schematic pulse train used in the measurement. ͑d͒-͑f͒ Schematic energy diagrams. ͑d͒ Both the excited state ͑ES͒ of energy E e , and the ground state ͑GS͒ of energy E g become empty before the pulse. ͑e͒ The transient current through the ES continues until the GS is occupied. ͑f͒ The stable current through the GS persists during the pulse.
peaks, which are plotted separately in Fig. 3͑d͒ . The orbital characteristics of the states are manifested by the B dependence on energy and the current amplitude ͑''magnetic fingerprint''͒. 5, 6, 15 The complicated B dependence is a result of crossings or anticrossings between different energy states in the QD. The first ES in the N-electron stripe has the same B dependence as the GS of the (Nϩ1)-electron stripe. Similar correlations in neighboring stripes between NϪ1 and N ϩ2, and no even-odd effects due to spin degeneracy are seen in the spectrum, as reported for low-symmetry QD's 15 Even though the Zeeman energy ͑about 20 eV/T͒ is much smaller than ⌬, many-body effects give rise to the appearance of spin-polarized states even in a weak magnetic field. The energy relaxation from an ES to the GS strongly depends on their spin states.
In order to investigate the energy relaxation time from such ES's to the GS, we use a pulse excitation to push the system out of equilibrium. We apply a pulse signal to the right gate to modulate the electrostatic potential of the dot ͓see Figs. 1͑a͒-1͑c͔͒, and measure the nonequilibrium transient current in the following way. During the steady state before the pulse ͓Fig. 1͑d͔͒, both the ES and the GS for a particular number of electrons are located above L and R for a sufficiently long period to ensure that these states are completely empty. The positive pulse lowers the potential of the dot by 100-800 eV, which is smaller than E add . This means the GS and the ES cannot be simultaneously occupied due to CB. If the potential is lowered so that only the ES is located in the transport window ͓Fig. 1͑e͔͒, transport through the ES continues until the GS becomes occupied. First, an electron tunnels into the ES or the GS with a probability ratio, ⌫ L,e :⌫ L,g . If an electron is injected into the ES, it can relax to the GS, or tunnel to the right lead to give a net current. The transport is transient, being blocked once the GS is occupied. We chose asymmetric barriers, ⌫ L ӷ⌫ R , such that an electron can stay in the ES for a long time. Thus, the decay time, , of the transient current should reflect the energy relaxation rate, W, from the ES to the GS.
We can relate and W from the rate equations, 
by taking into account all the tunneling processes shown schematically in Fig. 1͑e͒ . Here e and g are the average electron numbers in the ES and the GS, respectively ͑ e ϭ g ϭ0 at the beginning of the pulse tϭ0, and 0р e ϩ g р1 is satisfied due to CB͒. We obtain a form e (t)ϭA( In addition to the transient current, we can also measure the stable current through the GS as a reference. The ES and GS become empty before the pulse, and only the GS contributes to the stable current during the pulse ͓Fig. 1͑f͔͒. Because there is no current blocking for the stable current, the average number of tunneling electrons, ͗n g ͘, should be ͗n g ͘ ϭ⌫ R,g t.
We apply a square pulse wave form through a dc block ͑low-frequency cutoff at 700 Hz͒ and a low-loss coaxial cable ͑about 3 m long with a loss of Ͻ3 dB for dc-10 GHz͒. There is no termination near the sample, and the reflected pulse, as shown in Fig. 1͑b͒ , is more or less the actual pulse wave form at the gate. The rise time ͑about 0.2 ns͒ of the pulse is faster than ⌫ L,g Ϫ1 ͑typically about 1 ns͒, so the GS is not immediately occupied. The pulse, whose length, t p , is varied from 10 ns to 10 s, is repeated at a repetition time, t r , and the average current is measured. Figure 2͑b͒ shows one of the CB oscillations under pulse excitation. The bias voltage (V b ϭ0.1 mV) is sufficiently large to saturate the current, but is still small to enhance energy resolution. The application of the pulse signal splits the single peak into two. Peak g corresponds to the stable current through the GS for the duration of the pulse (t p ), and the large peak on the far right is also related to the current through the GS but only for the duration of t r Ϫt p . The extra peak e 1 is the transient current through the first ES, and it appears between the two split peaks when the pulse height, V p , is increased further. The spacing between peaks g and e 1 corresponds to the energy spacing between the GS and the ES. Each peak broadens with increasing V p . Probably this is due to the weak ringing structure seen in the pulse waveform or heating effects. The pulse signal also induces extra pumping current, which is very slightly visible between two peaks in the trace at Bϭ1.4 T in Fig. 2͑b͒ ͓also visible as blue region in Fig. 3͑c͔͒ .
We investigated the transient and stable currents as a function of the pulse length, t p . We can obtain the average numbers of tunneling electrons per pulse, ͗n g ͘ for the stable current through the GS, and ͗n e ͘ for the transient current through the ES from the It r /e value for each peak current I. For the transient current, ͗n e ͘ shows saturation behavior, which can be fitted well with the single exponential function, ϳ(1Ϫe Ϫt/r ). Data for a constant duty ratio (t p /t r ϭ0.2) and for a fixed repetition time (t r ϭ200 ns) coincide very well ͓Fig. 2͑c͔͒.
In principle, W can be derived from Dϭ1/ using Eq. ͑2͒. We can experimentally derive the tunneling rates, ⌫ R,g and ⌫ R,e from the dc measurement, but ⌫ L,e /⌫ L,g ϭ⌫ R,e /⌫ R,g is assumed in order to obtain A. The ⌫ R,e (1ϪA) is estimated to be about 20 MHz for Dϭ22 MHz in Fig. 2͑c͒ , and 0.8 MHz for Dϭ0.5 MHz in Fig. 2͑d͒ . In both cases and also for most of the ES's that appear in the transient current ͓see crosshatch regions in Fig. 3͑d͔͒ , W is too small to estimate with this technique, and we can conclude the relaxation time is longer than, at least, 2 s for the ES.
By contrast, if the relaxation is very fast ͑Wӷ⌫ R,e and Wt p ӷ1͒, the transient current, IϭeA⌫ R,e /Wt r , becomes very small. The upper bound of a measurable W is 0.2-1 GHz under our experimental conditions ͑current sensitivity of 50 fA and shortest t p of 10 ns͒. We find a small transient current for the specific ES ⑀ ͓see Fig. 3͑d͔͒ at B ϭ1.1-1.2 T, and estimate the relaxation time to be about 3 ns. This is the only case where we were able to determine the actual relaxation time. Other ES's missing in the transient current spectroscopy can have a shorter relaxation time. Note that we cannot rule out other experimental reasons for the absence of other ES's, namely that the injection efficiency A can be extremely small, or that the peak is greatly broadened by the pulse.
The relaxation is either too fast or too slow to allow the relaxation time to be estimated by our technique. We argue that the significantly different relaxation times are the result of spin conservation during the relaxation. If the ES and GS have the same spin, the electron in the ES quickly relaxes to the GS as a result of electron-phonon interaction ͑typically about 1 ns͒. 8, 11 By contrast, if they have different spins, the relaxation time is limited by the spin-flip process. Spin coherence time in bulk GaAs can exceed 100 ns 2 . Most of the spin-relaxation mechanisms discussed for 3D or 2D electrons in GaAs are suppressed for 0D states of QD's. We expect an extremely long spin relaxation time ͑Ͼ10 s͒ due to a small admixture of different spin states. 9 This is beyond our experimental limit ͑a few s͒, and explains the long-lived ES's we observed. In this case the long-lived ES should have different spins from that of the GS. In our experiment, the Zeeman splitting is small and unresolved. Thus the difference in the total spin is responsible for the long energy relaxation time and for the appearance of the transient current.
We can also confirm the existence of the long-lived ES's qualitatively from the dc current, 16 when the outgoing tunneling rate is much smaller than the incoming tunneling rate ͑simply making the bias voltage large and positive in our experiment͒. An electron in the ES escapes to the right lead RAPID COMMUNICATIONS either directly at rate ⌫ R,e or via the GS ͓see energy diagram of inset in Fig. 3͑b͔͒ . If Wӷ⌫ R,e , the electrons can always escape from the GS. Thus the current is given by e⌫ R,g , regardless of whether the ES is located in the transport window or not. If WϽ⌫ R,e and ⌫ R,e ⌫ R,g , the transport through the ES can be distinguished from that through the GS. In this case, another current step appears, for example, at L ϭE e1 as indicated in Fig. 2͑a͒ . It should be noted that the magnitude of a current step for the ES is a complicated function of the tunneling rates, 17 and a simple discussion based on the dc current can sometimes be unreliable. Nevertheless, we believe that a qualitative analysis of the dc characteristics is useful if the tunneling rates are adjusted properly to distinguish the spin states. The B dependence of the spectrum dI/dV R at V b ϭ1 mV ͓Fig. 3͑b͔͒ is almost the same as that found from transient current spectroscopy ͓Fig. 3͑c͔͒, although the peaks in Fig. 3͑c͒ are broadened by the pulse irradiation.
We can speculate on the characteristics of the energy states from their B dependence summarized in Fig. 3͑d͒ . At Bϭ1.2-2 T, where edge states are developing in the dot, some states ͑␣, ␤, ␥, ␤Ј, ␥Ј, and ␦Ј͒ are energetically decreasing with increasing B. These states can be assigned to the lowest. Landau level, although they have different angular momentum ͑slightly different slopes in the B dependence͒. 6 Some of the ES's ͑␤ and ␥Ј͒ have an extremely long relaxation time ͓Fig. 2͑d͒ is taken for the state ␤ at Bϭ1.35 T͔, even though the GS and the ES are spatially overlapped. 18 It has been reported that the relaxation time is long if the two states are spatially separated 12 or when the two states are attributed to different edge states, 19, 20 but this is not the case here.
Although we do not see clear spin-pairing in the GS's, specific ES's are parallel to the GS's ͑e.g., the GS and the ES at Bϭ0.2-0.6 I͒. A parallel pair of the states is likely to have the same orbital character but with different total spin S due to exchange interactions. 5 Actually the ES exhibits a transient current with a relaxation time longer than 70 ns. The signal in the dc transport with small outgoing tunneling rate ͓Fig. 3͑b͔͒ also indicates a long lifetime for the ES . This evidence supports the idea of spin conservation.
Conversely, the QD spin state can be investigated using transient current spectroscopy based on the spin conservation rule. The transient current has a long time constant for the first ES if it has a different total spin from the GS, and also generally for the higher ES if it has a different total spin from any lower-lying states. We see some long lived ES's cross with the GS ͑e.g., the state becomes GS at B ϳ0.9 T͒, indicating that the total spin of the GS changes at this B. The simple spin-conservation model, however, cannot explain the level crossing itself. The long-lived ES's are sometimes terminated by a crossing with the GS or with another ͑short-lived͒ ES. If the total spin does not change at the crossing, the long-lived ES's should also remain, but this is not the case. The problem of sensitivity must be studied further.
In summary, we investigated the energy relaxation time of ES's in QD's using a pulse-excitation measurement. We found that the spin-relaxation time is longer than, at least, few s which is attractive for spin-related QD applications.
